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Cellular and molecular biology of chloride secretion in the shark rectal
gland: Regulation by adenosine receptors. The rectal gland of the dogfish
shark (Squalus acanthias) is a sodium chloride secreting epithelial organ
whose function was discovered in 1959 by Wendell Burger. The gland,
composed of homogenous tubules of a single cell type, is an important
model for secondary active chloride transport. Hormonal stimulation of
chloride secretion in this system activates asymetrically arranged transport
proteins (apical cAMP-activated CFTR-like C1 channels, basolateral
Na/KJ2CI cotransporters, Na/K-ATPase activity, and K channels). Five
receptors, hormones, and membrane proteins of the shark rectal gland
involved in chloride secretion have been cloned recently. Because the
intact gland can be perfused via a single artery and vein, it has been
possible to examine precisely the metabolic regulation of chloride trans-
port by endogenous adenosine. Rectal gland cells have a high density of
both stimulatory A2 type and inhibitory A1 type adenosine receptors.
When stimulated by seeretagogues, chloride secretion and venous aden-
osine concentrations increase in parallel, with chloride secretion increas-
ing from —150 to 2100 jrEq/hr/g, and adenosine concentrations increasing
from —5 to —890 nvt. This work of ion transport is accompanied by a
marked fall in intracellular ATP activity and a rise in both intracellular
AMP and adenosine activity. Agents that prevent the interaction of
endogenous adenosine with extracellular receptors significantly increase
the chloride transport response to secretagogues. When chloride transport
is inhibited by blocking the Na/KJ2CI cotransporter with bumetanide, both
adenosine release and chloride secretion fall to basal values. We recently
cloned a unique adenosine receptor subtype that is distinct from previ-
ously cloned mammalian adenosine receptors. Because of its highly
specialized function, single cell type, and simple vascular system, the shark
rectal gland is an ideal model system for examining the metabolic
regulation of chloride secretion by adenosine receptors.
"It is inferred that elasmobranchs excrete by some extrarenal
mechanism . . . a solution of NaCI that is hypertonic to their plasma."
HOMER W. SMITH, 1931 [11
Homer Smith did not know the function of the shark rectal
gland, but he deduced 65 years ago that elasmobranchs had an
extrarenal mechanism to excrete hypertonic sodium chloride {1].
Just as Smith appreciated the aglomerular marine kidney as a
unique model, it is likely that he would have been intrigued by the
highly specialized structure and function of the shark salt gland.
The osmoregulatory function of this gland, secretion of hypertonic
NaC1, was discovered in 1959 by Wendell Burger, at the Mount
Desert Island Biological Laboratory [2]. Burger, a biology profes-
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sor at Trinity College who worked under Smith's influence at
MDIBL for many years, is shown during a visit to the Laboratory
in 1975 (Fig. 1).
The shark rectal gland has proven to be a powerful system for
investigating the cellular and molecular biology of chloride trans-
port. Unique elements of the shark rectal gland include:
(1) This epithelial organ consists of homogeneous branched
tubules of a single cell type that are highly specialized for
transepithelial sodium chloride secretion. A single gland
(mean wt 1.5 g) provides ample material for physiologic,
biochemical and molecular studies (Fig. 2);
(2) The organ is ideally suited for single pass in vitro perfusion
with a single artery, vein and duct that are easily canulated;
the complete venous drainage of the organ can be collected
readily (Fig. 2);
(3) Primary cultures retain robust rates of transport in a high
resistance monolayer containing all receptors and signal
transduction pathways present in the intact tissue [3, 41;
(4) Cells of the rectal gland contain high membrane activity of
Na/K-ATPase [51. This enzyme is the primary site of ATP
hydrolysis and subsequent formation of adenosine;
(5) Basolateral membranes of the rectal gland contain the highest
known activity of Na/KJ2C1 cotransporter. The amount of
co-transporter is at least 50-fold greater in the rectal gland
than the mammalian kidney [6]. The rectal gland was the
source for the first cloning of this cotransporter [71;
(6) Secretion by the gland is dynamically regulated. Stimulatory
hormones elicit large, rapid increases (30- to 50-fold) in
sodium chloride secretion accompanied by the up-regulation
of both the Na/KJ2C1 cotransporter and Na/K-ATPase activ-
ity;
(7) Each integral membrane protein, (receptors, luninal chloride
channel, basolateral NaIK/2C1 cotransporter, potassium chan-
nel, and Na/K-ATPase pump) is accessible for direct study by
membrane binding or patch clamp techniques in perfused
glands, isolated tubules, or primary culture monolayers;
(8) The evolutionary age of these proteins is over 400 million
years; thus structural and functional comparisons to mamma-
lian proteins are likely to yield novel information [6—9, 13, 14]
(9) Both stimulatory and inhibitory adenosine receptor subtypes
are present in higher density on rectal gland cells compared to
renal tubular cells and are coupled to the same physiological
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Fig. 1. Wendell Burger, a contemporaly of Homer W Smith, discovered the Fig. 2. The digiform (rectal) gland of the spiny dogfish shark Squalus
function of the shark rectal gland in 1959 at the Mount Desert Island acanthias with a single artety, vein, and duct that can be readily canulated.
Biological Laboratoty, Salsbuiy Cove, Maine. He has shown here (2nd from The organ is ideally suited for in vitro perfusion.
the left) in a visit to the laboratoiy in 1975 with Franklin Epstein (far left),
Patricio Silva and the author (far right).
Fig. 3. Current model of the rectal gland cell
indicating five membrane proteins, receptors, and
hormones involved in chloride secretion that have
recently been cloned. These include C-type
naturietic peptide (CNP), the first gene cloned
in the shark, DFTR a CFTR-like apical
chloride channel, the basal laterial NAK2CI co-
transporter, and two hormone receptors -a unique
adenosine receptor and the receptor for CNP.
Three signal transduction pathways for regulation
of chloride secretion include a cyclic AMP-PKA
pathway, the cyclic GMP pathway, and tyrosine
protein kinase which inhibits chloride secretion.
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Fig. 4. Stimulation of chloride secretion in the perfused rectal gland with 100
pM adenosine and reversal by the nonspecific adenosine receptor antagonist
theophyline. Chloride secretion rates were measured at 10 mm intervals.
Current model of the rectal gland cell
Figure 3 summarizes a current model of the rectal gland cell in
which cloned transport proteins, receptors, secretory hormones
and signal transduction pathways are illustrated. Sodium, potas-
sium and chloride enter the basal lateral membrane of the cell via
a Na-K-2C1 transporter that was recently cloned by Forbush and
colleagues [7]. At the apical membrane, chloride is secreted
through DFTR, a CFTR-like channel cloned by Marshall et al [8].
In collaboration with Devor and Frizzell [9], we have character-
ized the CFTR-like biophysical properties of this channel in patch
clamp studies in cultured rectal gland cells. A barium-sensitive K
channel present on the basolateral membrane has not been well
characterized or cloned.
Three distinct pathways for activation of chloride secretion in
the rectal gland have now been identified, as summarized in
Figure 3. Several secretagogues, including adenosine and VIP, act
through the receptor-activated, cyclic AMP-protein kinase A
pathway to phosphorylate the R domain of the DFTR channel.
C-type naturietic peptide, cloned and identified by our laboratory
as the dominant cardiac natriuretic peptide in the shark [10],acts
through cyclic GMP to activate apical chloride secretion [10, 11].
Protein tyrosine kinase functions to inhibit chloride secretion in
this system since inhibitors of this enzyme stimulate chloride
secretion in a cyclic AMP-independent manner [12]. Our labora-
tory has recently cloned both a unique adenosine receptor subtype
and the C-type naturietic peptide receptor from the rectal gland
13, 14]. The transmembrane domains of these cloned membrane
proteins are indicated in Figure 3.
Regulation of chloride secretion by adenosine receptors and
endogenous adenosine
When adenosine (10 to 100 fLM) is added to Ringer's perfusing
the intact rectal gland, there is a marked stimulation of chloride
secretion that is inhibited by both selective and non-selective A2
receptor antagonists, including theophylline (Fig. 4). With Beyen-
bach [15], our laboratory first perfused individual tubules of the
rectal gland (Fig. 5) and demonstrated that adenosine (100 ELM)
] stimulated the lumen negative transepithelial voltage (V1), con-
sistent with chloride secretion (Fig. 6). This stimulatory effect of
adenosine was reversed by theophylline. These studies established
that an A2 type stimulatory adenosine receptor regulating chlo-
ride transport was present in this tissue.
The inhibitory effect of adenosine occurs at lower concentra-
tions (10 n to 1 j.M) and can be demonstrated convincingly when
chloride secretion is first stimulated by forskolin (1 JIM). Under
these conditions, the addition of A1 receptor agonists (2 Cl-
adenosine and R-PIA) reversibly inhibit transport (Fig. 7). When
A1 agonists are added to the perfusate simultaneously with
forskolin, chloride secretion is entirely inhibited to basal values,
and this effect is reversed by A1 receptor antagonists [161. A dose
response for 2 CI-adenosine in the presence of forskolin demon-
strates inhibition of the forskolin response at low concentrations
and augmentation of the forskolin response at higher concentra-
tion of the agonist (Fig. 8) [16]. These experiments demonstrate
the presence of both inhibitory and stimulatoiy adenosine recep-
tors coupled to chloride transport.
To determine the physiologic role of endogenous adenosine, we
correlated adenosine release with various rates of chloride trans-
port by perfusing rectal glands in vitro under varying work loads
with forskolin (0.3 .LM to 10 JIM) and vasoactive intestinal peptide
(VIP; 1 to 10 nM) [17]. Figure 9 illustrates the direct correlation
(r = 0.98) between increasing rates of chloride secretion and
venous adenosine concentrations measured by HPLC following
stimulation with both forskolin and VIP. Similar results were
observed for venous inosine [171.
To demonstrate further the relationship between chloride
secretion and adenosine release, and to correlate the work of ion
transport with this release, two specific inhibitors of transport
were employed Bumetanide is a specific inhibitor of the Na/KJ2C1
cotransporter in the gland. As shown in Figure 10, when chloride
secretion and adenosine release are stimulated by 10 M forsko-
lin, the addition of bumetanide to the perfusate abruptly de-
creases both chloride secretion and adenosine release to basal
values [17]. Ouabain, which inhibits membrane Na'7K ATPase
activity in the rectal gland, also completely inhibited both chloride
secretion and adenosine release [171.
The physiologic significance of the released adenosine can be
demonstrated by agents (ADA, NBTI, 8-PT) that employ diverse
mechanisms to prevent the interaction of endogenous adenosine
with extracellular receptors. These agents have no effect on basal
secretion but markedly increase (by 1.8- to 2-fold) the secretory
response to forskolin [17]. These findings establish that endoge-
nous adenosine, released in response to forskolin-stimulated
chloride transport, interacts with the A1 type adenosine receptor
to inhibit secretion.
In further experiments, when tissue adenine nucleotides and
tissue adenosine were measured in sections of rectal gland
snap-frozen in liquid nitrogen during perfusion with forskolin, we
observed that tissue ATP content decreased and the tissue
content of AMP, adenosine, and inosine increased 3- to 5-fold
during maximum stimulation of chloride transport [18]. Thus, the
work of ion transport in the perfused rectal gland is accompanied
by a fall in intracellular ATP activity and a rise in both intracel-
lular AMP and adenosine activity [18].
From these studies we have proposed the following model of
adenosine as an inhibitory feedback regulator of chloride trans-
port in the shark rectal gland (Fig. 11) [17]. The driving force for
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Fig. 5. In vitro perfusion of a single isolated tubule of the rectal gland of Squalus acanthias (X400). Reproduced from [15] with permission.
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Fig. 6. V1 in isolated perfused tubules of the rectal gland. Stimulation of Vt
by adenosine (ADO) (100 /LM) and inhibition of adenosine-stimulated V1
by theophylline (THEO). Reproduced from [151 with permission.
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Fig. 7. Inhibition of forskolin (1 tiM) stimulated chloride secretion by A1
receptor agonists (2 Cl-ado and R-PIA) in the perfused rectal gland.
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chloride entry is an inwardly directed gradient for sodium main-
tained by a high specific activity of membrane-associated Na/K
ATPase. This enzyme is the primary site of ATP hydrolysis and is
responsible for the high rates of oxygen consumption reported by
Silva et al in this tissue [19]. Stimulation of secretion results in a
marked increase in Na/K-ATPase pump activity [20] and
hydrolysis of ATP, resulting in an increased tissue content of
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Fig. 9. Relationship between venous effluent adenosine concentrations and
chloride secretion rates during stimulation with increasing concentrations of
forskolin and vasoactive intestinal peptide (VIP). Rectal glands were
perfused for 30 mm to basal values and secretagogues were then added to
the perfusate for an additional 30 mm. Values are from the 50 mm period
and are mean SEM. Reproduced from [17] with permission.
adenosine. Adenosine then exits the cell down a concentration
gradient via an NBTI sensitive nucleoside transporter into the
extracellular space. At this site it interacts with a high affinity A1
receptor coupled to an inhibitory nucleotide regulatory binding
protein (N1) to inhibit chloride transport by both cyclic AMP
dependent and cyclic AMP independent processes. ADA, 8PT
and NBTI block this feedback inhibition by preventing endoge-
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Fig. 11. Model of adenosine as an inhibitoiy autacoid regulator of hormone
stimulated chloride transport in the rectal gland celL Adenosine production
and efflux from the cell is increased following stimulation of chloride
secretion by seeretagogues. Extracellular adenosine interacts with inhibi-
toly A1 adenosine receptors to inhibit chloride transport. Abbreviations
are: ADO, adenosine; ATP, adenosine triphosphate; VIP, vasoactive
intestinal peptide; A1, inhibitory adenosine receptor; N5, stimulatory GTP
binding protein; N1, inhibitory GTP binding protein; C, catalytic unit of
adenylate cyclase; C, cellular nucleoside transporter; P, Na-K-ATPase;
ADA, adenosine deaminase; NBTI, nitrobenzylthioinosine; 8PT, 8-phen-
yltheophylline.
nous adenosine from interacting with the A1 receptor [17]. Thus,
in the rectal gland, adenosine functions as an inhibitory autacoid
to regulate the metabolic work of ion transport and link energy
demand and availability. The physiologic function of the A2 type
adenosine receptor in the rectal gland remains to be clarified.
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Fig. 8. Dose response to 2 Cl ADO in the in vitro perJ1sed rectal gland.
Rectal glands were perfused with forskolin in the presence and absence of
varying concentrations of 2 Cl ADO. The relative inhibition or stimulation
of the forskolin response above basal is illustrated. Forskolin alone
stimulated chloride secretion from 128 21 to 1,005 106 (N = 26).
Reproduced from [16] with permission.
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Fig. 10. Effects of bumetanide, an inhibitor of the Na 7K/2Cl cotrans-
porter, on chloride secretion and venous effluent adenosine concentrations.
Rectal glands were perfused for 30 mm to basal values and then 10 rM
forskolin was added to the perfusate. After 30 mm of perfusion with
forskolin, glands were perfused with either forskolin alone and then
bumetanide was added to the perfusate. Chloride secretion and venous
adenosine concentrations were measured at 10 mm intervals and values
are mean SEM. Reproduced from [17] with permission.
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Our laboratory has recently cloned a 1.7 kb gene product from
shark rectal gland encoding a unique adensine receptor with only
37 to 42% homology to previously cloned mammalian adenosine
receptor subtypes 13]. Analysis of total sequence suggests that
this receptor may be a primordial protein from which both
stimulatory and inhibitory receptors evolved. We are currently
carrying out functional co-expression studies of this receptor and
CFTR-like proteins to further define the dual regulation of
chloride secretion by adenosine.
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